Abstract: Potential changes in both the intensity and frequency of extreme drought events are vital aspects of regional climate change that can alter the distribution and dynamics of water availability and subsequently affect carbon cycles at the ecosystem level. The effects of extreme drought events on the carbon budget of peatland in the Zoige plateau and its response mechanisms were studied using an in-field controlled experimental method. The results indicated that the peatland ecosystem of the Zoige plateau functioned as a carbon sink while under the control (CK) or extreme drought (D) treatment throughout the entire growing season. Maximum fluxes of methane (CH 4 ) emissions and the weakest carbon sink activity from this ecosystem were in the early growth stage, the most powerful carbon sink activity was during the peak growth stage, while the absorption sink activity of carbon dioxide (CO 2 ) and CH 4 was present during the senescence stage. Extreme drought reduced the gross primary productivity (GPP) and ecosystem respiration (R e ) of the peatland ecosystem by 14.5% and 12.6%, respectively (p < 0.05) and the net ability to store carbon was reduced by 11.3%. Overall, the GPP was highly sensitive to extreme drought. Moreover, extreme drought significantly reduced the CH 4 fluxes of the ecosystem and even changed the peatland from a CH 4 emission source to a CH 4 sink. Subsequent to drought treatment, extreme drought was also shown to have a carry-over effect on the carbon budget of this ecosystem. Soil water content and soil temperature were the main driving factors of carbon budget change in the peatland of the Zoige plateau, but with the increase in soil depth, these driving forces were decreased. The findings indicated that frequent extreme drought events in the future might reduce the net carbon sink function of peatland areas, with an especially strong influence on CO 2 .
Introduction
The latest assessment report released by the United Nations Intergovernmental Panel on Climate Change (IPCC) shows that the intensification of human activity has dramatically changed the global pattern of the atmospheric cycle. Extreme weather events, especially extreme drought events, have shown an increasing trend over the past 50 years and will likely become more frequent in the future [1] [2] [3] [4] [5] . Extreme drought events change key processes in the water cycle, and subsequently affect the carbon and nitrogen cycling processes of an ecosystem, thus breaking the original carbon sink pattern and causing changes in the structure and function of terrestrial ecosystems [6] [7] [8] . In turn, this significantly affects the trends and intensity of global climate change [9] . Extreme drought events have become the main ecological factors affecting the security of global ecosystems due to their high intensity, wide range, and low predictability [10] [11] [12] . Therefore, it is critical to quantitatively study and predict the impact of extreme drought events on the carbon budget of an ecosystem. However, previous studies have mostly focused on the response of carbon source/sink functions in ecosystems relative to long-term trends in climate change and have neglected the impact of short-term extreme drought events and their mechanisms [2, 13] , restricting the ability to understand and predict the ecological consequences of climate change and to adopt adaptive countermeasures.
The peatland ecosystem is an essential component of the global terrestrial carbon pool. This ecosystem stores 15-30% of the global soil carbon pool at a proportion of only 3% of the total land area, which plays a vital role in regulating global climate change [14] [15] [16] [17] . The carbon budget in the peatland ecosystem is greatly affected by meteorological factors (temperature, precipitation, light, etc.), plant physiological changes, and soil microbial changes [18] [19] [20] . Moreover, extreme drought events can significantly affect the temperature and hydrological conditions of a given ecosystem [21] , and can change the water balance, aggravate the degree of water stress, significantly affect plant growth [22] [23] [24] and respiration [25] , and alter decomposition of organic matter [26] as well as change carbon, water, and energy fluxes between the land surface and the atmosphere [27] . Additionally, extreme drought events can reduce the availability of substrates for microbial respiration [28] , have effects on plant physiological states and soil microbial activity, and have an impact on the carbon budget dynamics in peatland ecosystems, which makes the conversion of carbon source/sink function very uncertain [29, 30] . As such, exploring the impacts of extreme drought on carbon budgets of the peatland ecosystem is of great practical significance. Such studies will further the understanding of fluctuating carbon budgets on both the regional and global scale, help protect wetland ecological resources, and provide data to support measures that slow down greenhouse effects [10] .
Located in the northeast corner of the Qinghai-Tibet Plateau, the peatland of the Zoige plateau is the highest and largest peat swamp area in the world. The thickness of the peat is 0.3-3.8 m, with a dry weight of 2.9 Pg [31] . As such, it is typical and representative in the study of the global carbon cycle as it relates to the peatland ecosystem. Additionally, the peatland of the Zoige plateau is also one of the most sensitive areas in regard to global climate change, and is extremely vulnerable to the effects of long-term climate changes [32] [33] [34] [35] . Long-term climate change is characterized at this site by a warming and drying trend and an increasing frequency of extreme drought events [16, 19] . At present, many scientific insights in the study of the carbon cycle have been made in the Zoige peatland [16, 19, 31, 34] , but there are few reports detailing the carbon exchange characteristics and the mechanisms affecting the carbon budget under extreme drought conditions when simulated via in-field controlled experiments. Therefore, the sensitivity of the carbon budget of the peatland ecosystem in the Zoige plateau was studied in response to extreme drought events via control experiments in this study. This study explores the effects on peatland carbon fluxes and their response mechanisms using control experiments and serves to enhance the understanding of the response and adaptive mechanisms of wetland ecosystems to extreme climate change, further highlighting the role of the plateau wetland ecosystem in regional and global carbon cycling. This study will also provide a reference for the conservation and management of peat swamps located in the plateau based on carbon conservation in relation to climate change and, as such, has broad application possibilities.
Materials and Methods

Overview of the Study Area
The study sample (33.79906 • N, 102.95790 • E) at 3430 m above sea level is located in the Zoige plateau on the northeast edge of the Qinghai-Tibet Plateau (Figure 1) . It is one of the regions most sensitive to global climate change. The peat wetland of the Zoige plateau is the largest plateau wetland in China, and is also the largest and best-preserved plateau peatland swamp in the world [36] [37] [38] . The study area is cold and humid and belongs to the monsoon climate of the alpine, frigid temperate zone. According to the local climate data (China Meteorological Data Network), the annual mean temperature is −1.7-3.3 • C, and the mean temperature of the hottest month (July) is 8.5-12.6 • C, which is equivalent to the heat condition of the junction zone of the sub-polar continental and tundra climates. The average annual precipitation of 650-750 mm mainly occurs April through September and accounts for about 90% of the annual precipitation. The vegetation type is lowstand herbaceous swamp, and the dominant species are Carex meyeriana, Koeleria tibetica, Carex muliensis, Eriophorum gracile, Blysmus sinocompressus, Carex secbrirostris, etc. The soil at the experimental site is characterized by peat soil. The depth of peat in the vertical profile of this site is in general 1.2 m. The soil organic carbon content is between 179.36-276.41 g/kg. The bulk density of this site is 0.78. The soil pH is between 6.8-7.2. A litter layer is over the soil surface due to the residue after plant death. sensitive to global climate change. The peat wetland of the Zoige plateau is the largest plateau wetland in China, and is also the largest and best-preserved plateau peatland swamp in the world [36] [37] [38] . The study area is cold and humid and belongs to the monsoon climate of the alpine, frigid temperate zone. According to the local climate data (China Meteorological Data Network), the annual mean temperature is −1.7-3.3 °C, and the mean temperature of the hottest month (July) is 8. 
Experimental Observation
Sampling Land Design
According to the local statistics regarding rainfall over the past 50 years (China Meteorological Data Network) [39] , extreme drought events are manipulated in early summer and the peak stage of plant growth. Daily rainfall of ≤3 mm is defined as a non-effective rainfall, and the duration of a noneffective rainfall is designated as 32 days (where the days without an effective rainfall is the duration of the drought) [22] . The experiment was designed to include a control treatment (CK) and extreme drought treatment (D). A Mg-Al alloy rain shelter (length × width × height: 2.5 × 2.5 × 1.8 m) was used to simulate extreme drought. The transmittance of the shelter material was more than 90%. A stainless-steel base (50 × 50 × 20 cm) was installed in the center of each experimental district, and the base was inserted into the ground at a 10 cm depth. There were grooves on the base, and the grooves could be filled with water before each gas measurement to ensure the sealing of the measurement. The control plot did not have a rain shelter, and the natural conditions in the field were used for gas observation. The control experiment occurred from 16 July 2016, to 26 August 2016, and the observation data were measured from 9:00 a.m. to 15:00 p.m. on sunny days.
Greenhouse Gas Fluxes and Environmental Factors
This study utilized a closed chamber and laser-based fast greenhouse gas analyzer to monitor CO2 and CH4 fluxes utilizing a data acquisition frequency of 1 Hz. The in-house closed chamber (50 
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Greenhouse Gas Fluxes and Environmental Factors
This study utilized a closed chamber and laser-based fast greenhouse gas analyzer to monitor CO 2 and CH 4 fluxes utilizing a data acquisition frequency of 1 Hz. The in-house closed chamber (50 cm × 50 cm × 50 cm) was connected to the laser-based fast greenhouse gas analyzer. There were two 2-cm diameter holes on top of the chamber linking to a 20-m rubber internal pipe, which was connected to the greenhouse gas analyzer. The gas was returned to the chamber from the analyzer through another 20-m exit pipe. There were two 10-cm diameter fans in the center of the chamber ceiling to ensure a homogeneous gas concentration inside the chamber. In each sampling area, the measurement was implemented inside the chamber for 10 min, followed by another measurement after opening the chamber for 2 min. Instruments and fans were powered by a 12 V battery, and the gas flux was calculated using the slope showing the change of gas concentration as a function of time; if the slope in the chamber for the first 10 min was not linear, the gas flux was calculated from the linear part of the curve only. Additionally, the temperature changes of the air and soil were measured using a TZS-5X detector, and the soil moisture content was determined using a TDR300 moisture meter.
Data Processing and Analysis
The carbon flux was calculated from the linear slope indicating the changes in gas concentration with time, as shown below [40] :
where F c is the CO 2 /CH 4 flux (mg/(m 2 ·h)); d c /d t is the slope indicating changes in gas concentration as a function of time (ppm/h); M is the molar mass of the measured gas (g/mol); P is the atmospheric pressure at the sampling site (Pa); V 0 , P 0 , and T 0 represent the standard molar volume (22.41 m 3 /mol), standard atmospheric pressure (101,325 Pa), and absolute temperature (oK) under the standard atmospheric pressure, respectively; T is the absolute temperature inside the chamber (oK); and H is the effective height of the chamber (m). The CO 2 flux observed directly from the transparent static box represents the net ecosystem CO 2 exchange (NEE), light shading static-chamber observed CO 2 flux represents the ecosystem respiration (R e ), and the total primary productivity (GPP) is the difference between R e and NEE [41] . Defining the NEE positive as net CO 2 release and negative as net absorption, the GPP can be defined as:
Statistical Analysis
In order to use soil temperature and soil water content to explain the variance in the carbon fluxes (NEE, GPP, R e , CH 4 ), the generalized additive mixed-effects models (GAMMs) were performed to test their interactive effects on the carbon fluxes. GAMMs enable capturing non-linear asymmetric or bimodal biological responses and the mixed models allow treatment of autocorrelation and repeated measure situations [42] . The model allowed for flexible specification of the dependence of the response on the covariates by defining regression splines (smoothing functions) and estimating their optimal degree of smoothness, rather than calculating parametric relationships [43] . The choice to include a mixed (random) effect in the models was a way to avoid the potential influence of block that could induce spatial bias in this study. Because both soil temperature and soil water content fluctuate nonlinearly, GAMMs was run with soil temperature and soil water content as smooth terms, allowing flexible specifications of relationships without restricting relationships to be linear, quadratic or cubic. The model structure of the GAMM in the analysis was: carbon fluxes (soil temperature) × s (soil water content) + (1|Block), where 's' indicates smooth function and '(1|Block)' indicates random effect because of the completed randomized block experimental design. GAMMs were conducted using gamm4 package and the contour plot that visualizes the partial interaction of soil temperature and soil water content was performed using pvisgam function in itsadug package in R version 3.5.0.
Results
Hydrothermal Conditions
During the controlled experimental drought period (from 16 July 2016 to 26 August 2016), there were six natural precipitation events ( Figure 2 ). The daily precipitation during this period was in the range of 0.1-27 mm, and the total precipitation was 67.9 mm, which was much lower than that of the average precipitation over the assessed 30-year time period (116.1 mm). The maximum and minimum daily temperatures during the experiment were 16.8 • C and 10.9 • C, respectively. The average temperature was 13.8 • C, which was higher than that during the same period the assessed 30-year time period (11.4 • C). In general, the climate was warm and dry during the controlled experimental period in 2016. 
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The Diurnal Patterns of Carbon Fluxes
The diurnal patterns of CO2 fluxes across different growth stages were very similar in shape but varied substantially in amplitude (Figure 3 ). The dynamic diurnal changes of NEE, Re, and GPP showed an asymmetric and single-peak curve form in the Zoige peatland, and the dynamic diurnal peaks of NEE, GPP, and Re were differently timed. Peak values of NEE and GPP occurred between 9:00-12:00 h for all five growth stages, as the carbon sequestration capacity of the ecosystem is the strongest at this time. The peak values of Re occurred between 12:00-15:00 h for all five growth stages, with the dynamic diurnal minimum of Re and GPP appearing around 6:00 a.m. in the morning. This ecosystem usually absorbed CO2 from the atmosphere (i.e., negative NEE value) between 6:00 and 19:00 h. The carbon sink ability of an ecosystem is the most powerful during the peak growth stage, followed by the rapid growth and early senescence stages, with the carbon sink function of an ecosystem at its weakest during the early growth stage (Figure 3) .
The dynamic diurnal characteristics of CH4 flux were not apparent (Figure 4 ), as it transformed between a weak CH4 emission source and a CH4 sink in the degraded peatland ecosystem. The CH4 flux varied greatly between 0:00 and 6:00 h, with the highest and lowest values appearing during this period. In terms of daily average values, the CH4 emission flux of the ecosystem was the largest in early senescence stage, followed by the early growth stage, while the CH4 uptake sink of the ecosystem was present during the senescence stage (Figure 4 ). 
The diurnal patterns of CO 2 fluxes across different growth stages were very similar in shape but varied substantially in amplitude (Figure 3 ). The dynamic diurnal changes of NEE, R e , and GPP showed an asymmetric and single-peak curve form in the Zoige peatland, and the dynamic diurnal peaks of NEE, GPP, and R e were differently timed. Peak values of NEE and GPP occurred between 9:00-12:00 h for all five growth stages, as the carbon sequestration capacity of the ecosystem is the strongest at this time. The peak values of R e occurred between 12:00-15:00 h for all five growth stages, with the dynamic diurnal minimum of R e and GPP appearing around 6:00 a.m. in the morning. This ecosystem usually absorbed CO 2 from the atmosphere (i.e., negative NEE value) between 6:00 and 19:00 h. The carbon sink ability of an ecosystem is the most powerful during the peak growth stage, followed by the rapid growth and early senescence stages, with the carbon sink function of an ecosystem at its weakest during the early growth stage (Figure 3) .
The dynamic diurnal characteristics of CH 4 flux were not apparent (Figure 4 ), as it transformed between a weak CH 4 emission source and a CH 4 sink in the degraded peatland ecosystem. The CH 4 flux varied greatly between 0:00 and 6:00 h, with the highest and lowest values appearing during this period. In terms of daily average values, the CH 4 emission flux of the ecosystem was the largest in early senescence stage, followed by the early growth stage, while the CH 4 uptake sink of the ecosystem was present during the senescence stage (Figure 4) . 
The Effects of Extreme Drought on CO 2 Fluxes
In 2016, the seasonal dynamic change of the net ecosystem CO 2 exchange (NEE), ecosystem respiration (R e ), and gross primary productivity (GPP) showed an asymmetric single-peak curve in the ecosystem of the Zoige peatland ( Figure 5 ). NEE and GPP reached their maximum values in July, which were 510.4 mg C/m 2 h and 791.2 mg C/m 2 h, respectively, while the total primary productivity was the highest and the dynamic trend of GPP was consistent with that of NEE during the growing season. The peak of R e was different from those of NEE and GPP, as it appeared in June at a value of 370.3 mg C/m 2 h. The carbon exchange was the strongest in the Zoige peatland ecosystem from June to August, the lowest values of NEE, R e , and GPP were −153.4 mg C/m 2 h, 145.3 mg C/m 2 h, and 298.7 mg C/m 2 h, respectively, occurred in September at the end of the growing season. Throughout the whole growing season, the peatland ecosystem of the Zoige plateau performed the function of a carbon sink under the conditions of the control treatment (CK) and extreme drought (D) treatment. 
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In 2016, the seasonal dynamic change of the net ecosystem CO2 exchange (NEE), ecosystem respiration (Re), and gross primary productivity (GPP) showed an asymmetric single-peak curve in the ecosystem of the Zoige peatland ( Figure 5 ). NEE and GPP reached their maximum values in July, which were 510.4 mg C/m 2 h and 791.2 mgC/m 2 h, respectively, while the total primary productivity was the highest and the dynamic trend of GPP was consistent with that of NEE during the growing season. The peak of Re was different from those of NEE and GPP, as it appeared in June at a value of 370.3 mgC/m 2 h. The carbon exchange was the strongest in the Zoige peatland ecosystem from June to August, the lowest values of NEE, Re, and GPP were −153.4 mg C/m 2 h, 145.3 mg C/m 2 h, and 298.7 mg C/m 2 h, respectively, occurred in September at the end of the growing season. Throughout the whole growing season, the peatland ecosystem of the Zoige plateau performed the function of a carbon sink under the conditions of the control treatment (CK) and extreme drought (D) treatment. The whole growing season was divided into three stages in this study: before the control experiment (May to mid-July), the control experiment stage (mid-July to late August), and after the control experiment (late August to September) ( Figure 5 ). Before the control experiment, there was no significant difference in NEE, Re, or GPP between CK and D (p > 0.05), and the carbon flux of the ecosystem was basically the same. During the control experiment, extreme drought significantly reduced Re and GPP (p < 0.05), with GPP and Re decreasing 14.5% and 12.6%, respectively, which resulted in a 11.3% decrease in carbon storage capacity of the ecosystem. GPP was first affected by the extreme drought and secondly by Re and NEE. After the control experiment, the enduring effects of extreme drought were still apparent, as the NEE, Re, and GPP still showed significant decreases. NEE, Re, and GPP were significantly different between the CK and D treatments on 24 August (p < 0.05), but there was no significant difference between NEE, Re, and GPP under the CK and D treatments on 20 September (p > 0.05). According to local meteorological data, there were 11 ecologically effective precipitation events from 22 August to 20 September, adding up to 134.3 mm. As a result, the extreme drought treatment gradually diminished, which alleviated the drought stress in the extreme drought treatment area to a certain extent. The whole growing season was divided into three stages in this study: before the control experiment (May to mid-July), the control experiment stage (mid-July to late August), and after the control experiment (late August to September) ( Figure 5 ). Before the control experiment, there was no significant difference in NEE, R e , or GPP between CK and D (p > 0.05), and the carbon flux of the ecosystem was basically the same. During the control experiment, extreme drought significantly reduced R e and GPP (p < 0.05), with GPP and R e decreasing 14.5% and 12.6%, respectively, which resulted in a 11.3% decrease in carbon storage capacity of the ecosystem. GPP was first affected by the extreme drought and secondly by R e and NEE. After the control experiment, the enduring effects of extreme drought were still apparent, as the NEE, R e , and GPP still showed significant decreases. NEE, R e , and GPP were significantly different between the CK and D treatments on 24 August (p < 0.05), but there was no significant difference between NEE, R e , and GPP under the CK and D treatments on 20 September (p > 0.05). According to local meteorological data, there were 11 ecologically effective precipitation events from 22 August to 20 September, adding up to 134.3 mm. As a result, the extreme drought treatment gradually diminished, which alleviated the drought stress in the extreme drought treatment area to a certain extent.
The Effects of Extreme Drought on CH 4 Fluxes
There was a statistically significant difference between the control and extreme drought treatment in regard to CH 4 flux (p = 0.03), and the interaction between the treatment and time was also statistically significant (F = 3.05, p = 0.02), as shown in Figure 6 . In May and June, the peatland was a weak CH 4 source, and in July, August, and September there was a transition between a weak CH 4 source and a weak CH 4 sink in the Zoige plateau, which ranged from 0.043 mg·m −2 h −1 to −0.133 mg·m −2 h −1 . The extreme drought treatment significantly reduced the CH 4 fluxes of the ecosystem, and even degraded peatlands were transformed from a CH 4 emission source into a CH 4 sink. After the end of drought treatment, extreme drought also demonstrated a carry-over effect on the ecosystem, with the CH 4 sink function of the ecosystem increasing gradually during this period.
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Irrespective of the experimental treatment, the temporal variation in CO2 fluxes and CH4 flux could be primarily explained by the soil water and temperature ( Figure 7 ). GPP (R 2 ≥ 0.54, p < 0.01) and Re (R 2 ≥ 0.25, p < 0.01) were both positively correlated with the soil water content at 5 cm, 10 cm, and 20 cm soil depths, and NEE was negatively correlated with the soil moisture content (R 2 ≥ 0.52, p < 0.01; Figure 6a-c) . There was a significant quadratic relationship between CH4 flux and soil water content (R 2 ≥ 0.25, p < 0.05), with CH4 flux reaching a maximum value when the soil water content was more than 40% (Figure 7d-f) . With the decrease in soil water content, the flux of GPP, Re, and CH4 were continuously decreased, and the decrease in GPP was more sensitive than that of Re, which resulted in an increase of the NEE in the ecosystem and a significant decrease in the CO2 fixing ability of the ecosystem (p < 0.01); however, the ability to absorb CH4 increased significantly (p < 0.05). In addition, the best correlation between CO2 fluxes, CH4 fluxes, and soil water content occurred at a depth of 5 cm, and this correlation decreased with the increase in soil depth. Moreover, there were several thresholds for the CH4 source/sink transition, which were an SWC5cm equal to 23%, an SWC10cm equal to 25%, and an SWC20cm equal to 32%. NEE was also positively correlated with soil temperature at 5 cm, 10 cm, and 20 cm depths (R 2 ≥ 0.21, p < 0.05; Figure 7g-i) . With the increase of soil depth, the correlation between soil temperature and NEE was gradually increased. However, there was no relationship between CH4 and soil temperature. 
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Figure 8.
Interactive effects of soil temperature and soil water content on NEE, GPP, Re and CH4. The heat map is based on the partial residuals of the smooth terms (soil temperature and soil water content) used in generalized additive models. Because of negative values of NEE, the yellow and blue color represents low and high carbon sink, respectively (a). Light and dark blue represents CH4 uptake and emission, respectively (d).
Discussion
Extreme drought events can affect the structure and function of an ecosystem and result in a longer restoration process for the ecosystem or in a continuous change of the system state [8, 11, 33] . The carbon cycle is an important ecological process occurring within each ecosystem. Carbon sequestration and carbon emission are two essential parts of the carbon cycle and are closely related to water availability [44] . By controlling precipitation to simulate extreme drought, it was found that extreme drought events significantly reduced the GPP, Re, and CH4 fluxes of the peatland ecosystem in the Zoige plateau, and the effect of extreme drought on GPP was clearly greater than the effect on Re. Thus, the carbon sink function of this ecosystem was significantly reduced, which was the same conclusion as that previously reported by Li et al., and the GPP was more sensitive to extreme drought events than Re [45] . According to the prior study by Li et al., extreme drought was defined as 30 days' rain-free period based on the local weather data for the most recent 58 years, and they found that extreme drought decreased GPP and to a lesser extent Re, leading to reduced net ecosystem CO2 uptake [45] , which were consistent with our results. Precipitation is the critical factor affecting the sensitivity of GPP to extreme drought and the degree to which photosynthesis decreases during a drought depends on the physiological response of the plants to the available water and the changes Figure 8 . Interactive effects of soil temperature and soil water content on NEE, GPP, R e and CH 4 . The heat map is based on the partial residuals of the smooth terms (soil temperature and soil water content) used in generalized additive models. Because of negative values of NEE, the yellow and blue color represents low and high carbon sink, respectively (a). Light and dark blue represents CH 4 uptake and emission, respectively (d).
Extreme drought events can affect the structure and function of an ecosystem and result in a longer restoration process for the ecosystem or in a continuous change of the system state [8, 11, 33] . The carbon cycle is an important ecological process occurring within each ecosystem. Carbon sequestration and carbon emission are two essential parts of the carbon cycle and are closely related to water availability [44] . By controlling precipitation to simulate extreme drought, it was found that extreme drought events significantly reduced the GPP, R e , and CH 4 fluxes of the peatland ecosystem in the Zoige plateau, and the effect of extreme drought on GPP was clearly greater than the effect on R e . Thus, the carbon sink function of this ecosystem was significantly reduced, which was the same conclusion as that previously reported by Li et al., and the GPP was more sensitive to extreme drought events than R e [45] . According to the prior study by Li et al., extreme drought was defined as 30 days' rain-free period based on the local weather data for the most recent 58 years, and they found that extreme drought decreased GPP and to a lesser extent R e , leading to reduced net ecosystem CO 2 uptake [45] , which were consistent with our results. Precipitation is the critical factor affecting the sensitivity of GPP to extreme drought and the degree to which photosynthesis decreases during a drought depends on the physiological response of the plants to the available water and the changes occurring in the vegetation structure [46] . The physiological response of vegetation to drought includes a decrease in enzyme activity and the closing of stomata to prevent water loss [47] . Under extreme drought conditions, water stress can reduce the stomatal conductance of plant leaves, which leads to decreased photosynthetic and transpiration rates [48] . Additionally, the number and activity of microbes decrease sharply under extreme drought conditions [22] , and this is likely the main reason for the decrease in NEE, R e , and GPP within an ecosystem. Additionally, extreme drought can create a carry-over effect on the carbon flux of an ecosystem in the later stages. Short-term drought effects can potentially alter plant growth dynamics and ecosystem physiology, and the impact on ecosystems may not be immediately apparent; however, a "memory" function in relation to drought by an ecosystem can promote a "carry-over-effect" from one growing season to the next [49, 50] .
Soil water content is an indicator of soil's ability to supply water to plant root systems and soil microorganisms. When the soil water content is too low, plant physiological activity is blocked, which results in the decrease of the plant photosynthetic capacity and respiratory intensity [47] . This study showed that there was a significant correlation between soil water content and the ecosystem NEE, R e , and GPP at 5 cm, 10 cm, and 20 cm of soil depth. Recent studies have also shown that increasing precipitation increases carbon storage in peatlands, while the decrease in soil moisture will reduce carbon storage [51] . Extreme drought can significantly change the soil moisture state of an ecosystem, causing a significant decrease in soil water content, photosynthesis of aboveground plants, and enzyme activity during respiration as well as inhibit enzyme reactions performed by underground microorganisms [48] . The activities of microorganisms are closely related to the availability of soil carbon and nitrogen and are very sensitive to changes in soil moisture. Under extreme drought conditions, the number and activity of microorganisms decrease, and the mineralization rate and flux of soil carbon and nitrogen are clearly decreased [52, 53] . Therefore, the soil water content during drought is the main driving factor controlling carbon exchange in an ecosystem, and the degree of reduction in the plant photosynthetic efficiency depends on the available water content of plants in the soil as well as the related physiological responses and structural changes of the vegetation [47] .
The peatland ecosystem, in its natural condition, experiences extended periods of flooding. Additionally, a lot of litter in the soil cannot be decomposed due to the inhibition provided by low temperatures and an anaerobic environment. As such, soil organic matter is continuously accumulated, forming a partially degraded peat layer, which serves as a carbon sink to curb the rise in greenhouse gas concentrations [19, 54] . However, a deficit in soil moisture caused by drought stress accelerates soil drying in peatland, which has a significant effect on greenhouse gas flux in this ecosystem [55, 56] . In this study, it was found that the soil water content at different depths was positively correlated with CH 4 flux, and the maximum emission was reached when the soil water content was greater than 40%, which is consistent with the results of Dijkstra et al. [57] . Dijkstra et al. demonstrated that the absorption of methane is highest at the middle water level, and the relationship between methane flux and soil moisture is a bell-shaped curve. In general, there is a positive correlation between methane flux and soil water content at a depth of 15-45 cm [58] . Tiemeyer et al. thought that the decrease of soil water content caused by drainage would reduce CH 4 emission from natural peatland and even transform it into a small sink for CH 4 [59] . With the decrease in soil moisture and the decrease in the degree of anaerobic, the peatland changed from an anaerobic to an aerobic environment, which reduced soil methane production and increased the thickness of the oxidation layer. The methane produced by anaerobic decomposition was oxidized by more methanogens, which reduced the emission flux of CH 4 and even caused a change in the CH 4 source/sink state [55] . It has also been suggested that drought can reduce the supply of microbial respiration [28] , decrease the activity of methanogenic bacteria, and thus reduce the production and release of CH 4 [6] .
Conclusions
In conclusion, the goal of this study was to investigate how carbon budgets were affected by extreme drought events in the Zoige alpine peatland. The results showed that extreme drought changed the greenhouse gas exchange, significantly reduced CO 2 absorption and emission, and reduced the CH 4 emission flux of the peatland ecosystem. Under these conditions, even degraded peatland was transformed from a CH 4 emission source into a CH 4 sink, and the drought conditions also had carry-over effects on the carbon budget in the later stages of drought. Soil water content and soil temperature mainly mediate the response of CO 2 and CH 4 fluxes to the extreme events in this alpine peatland. However, the mechanisms by which extreme drought effects the capacity to sequester carbon remain unclear. Hence, long-term experiments are still needed to verify the impact mechanism of extreme drought events on carbon budgets in alpine peatland ecosystems.
